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Abstract We introduce a technique for the dimension
reduction of a class of PDE constrained optimization prob-
lems governed by linear time dependent advection diffusion
equations for which the optimization variables are related
to spatially localized quantities. Our approach uses domain
decomposition applied to the optimality system to isolate
the subsystem that explicitly depends on the optimization
variables from the remaining linear optimality subsystem.
We apply balanced truncation model reduction to the linear
optimality subsystem. The resulting coupled reduced opti-
mality system can be interpreted as the optimality system
of a reduced optimization problem. We derive estimates for
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the error between the solution of the original optimization
problem and the solution of the reduced problem. The
approach is demonstrated numerically on an optimal control
problem and on a shape optimization problem.
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Domain decomposition - Model reduction

1 Introduction

We investigate the numerical solution of optimization prob-
lems governed by time dependent advection diffusion partial
differential equations (PDEs) in which the optimization vari-
ables are located in a small spatial region §2, of the entire
spatial domain £2 on which the PDE is posed. This scenario
arises, for example, in shape optimization when only a small
portion of the shape can be modified or in parameter identi-
fication problems where the parameters are associated with
spatially localized material properties.

Although the optimization parameters are located in a
small spatial region §2,, standard methods for the numerical
optimization of such systems require the repeated solution
of the governing PDE (the state equation) and the associ-
ated adjoint PDE over the entire domain 2. It is desirable to
reduce the overall problem size by essentially reducing the
optimization problem to the small spatial region on which
the optimization parameters act. Since the governing PDE
on the small spatial region interacts with the solution on the
entire domain, it is not feasible to simply truncate the domain,
but one has to carefully reduce the problem to preserve the
important interactions between the different components of
the system. For a class of problems we present a system-
atic approach based on domain decomposition and balanced



truncation model reduction to reduce the subproblems
corresponding to the large subdomain $2\£25.

There are many examples where domain decomposition
and some form of model reduction is used to reduce the com-
putational complexity of the simulation. For example, the
papers [7-9,20] use physics based model reduction. A com-
plex system of PDEs is replaced by a simpler model away from
the region £2; of interest. Specifically, [7, 8] discusses the cou-
pling of the Navier-Stokes equations to the linear Oseen equa-
tions. In [9] the 3D Navier-Stokes equations are coupled with
a 1D model for the flow in blood vessels. Section 3.3 of the
review paper [20] discusses the coupling of distributed param-
eter models with lumped parameter models for the modeling
of blood flow. The papers [17,18,23,24] use dimension reduc-
tion techniques (see [4] for a recent overview). The papers
[17,18] describe the use of domain decomposition and Proper
Orthogonal Decomposition (POD) for the simulation of flows
with shocks. Domain decomposition and balanced truncation
model reduction is used in [23,24] for the simulation of PDEs
with spatially localized nonlinearities. The approach in these
two papers is related to ours, except that we apply it in the opti-
mization context. Moreover, we provide an a-priori bound for
the error between the solution of the original and the model
reduced optimization problem.

We study optimization problems governed by advection
diffusion equations of the type

a
5,Y D — V(k(x)Vy(x, 1) + V(x) - Vy(x, 1)) =f(x,1)

in 2 x (0, T'), together with suitable boundary and initial con-
ditions. The optimization variables can, for example, be shape
parameters that describe the domain 2 or they can be related
tothe parameters k, V, f inthe PDE.In Sect.5 we discuss an
optimal control problem in which the optimization variable is
related to the source f and a shape optimization problem in
which the optimization variables are shape parameters.

After a discretization in space the optimization problems
studied in this paper are of the form

T
minimize /é(y(t), t,0)dt, (1a)
0

subject to

d
M@)-y(@) + A@)y (1) = BO)u@). 1€0.7), (b

M(©)y(0) = yo, (o)
0 € 0O. (1d)

Here M(9), A(9) € RV*N are mass and stiffness matri-
ces that arise from a spatial discretization. Furthermore
® is a closed convex set of admissible parameters and
B(0) € RV*™ uare given inputs which relate to the source
f and boundary data in the advection diffusion equation.

We will discuss the derivation of (1) for two applications
in Sect. 5. Since the optimization variables 6 are related
to spatially localized quantities (shape parameters, coeffi-
cients,..) in the advection diffusion equation, only few entries
of M(0), A(9), B(0) depend on 6.

Our goal is to replace (1) by a reduced order problem

T

minimize /E(’)?(t), t,0)dt, (2a)

0

subject to

= d,\ -~ . o~
M@)_-y(©) + A@)Y () = BOu@), 1€0.7). (2b)

M(6)y(0) = o, (2¢)
0co, (2d)

with matrices M(0), A(9) € R"™*", B(§) € R"*" such that
n < N and such that the solution 6, of (1) is well approxi-
mated by the solution é\* of (2).

Our approach uses domain decomposition techniques to
divide the optimality system corresponding to (1) into lin-
ear subproblems and small nonlinear subproblems. Balanced
truncation is applied to the linear subproblems with inputs
and outputs determined by the original in- and outputs as
well as the interface conditions between the subproblems.
The reduced optimality system is identified as the optimality
system of a reduced optimization problem (2). We provide
a-priori estimates for the error between the solution 6, of
(1) and the solution é\* of (2). These bounds depend on the
balanced truncation error bounds as well as properties of the
subsystem that is not reduced.

We expect that this combination of domain decomposition
and balanced truncation will lead to a substantial reduction of
the original problem, if the nonlinearities are localized, i.e.,
the nonlinear subproblems are small relative to the other sub-
domains, and if the interfaces between the subproblems are
relatively small. This is confirmed by our numerical results

In the next section we provide a brief review of balanced
truncation model reduction. Section 3 applies balanced trun-
cation to reduce a linear quadratic optimal control problem.
Although this optimization problem is simpler than (1) it is
relevant for many applications and already provides insight
into the main ideas behind our approach and the correspond-
ing error analysis. The integration of domain decomposition
and balanced truncation model reduction for the reduction of
(1) is presented and analyzed in Sect. 4. In Sect. 5 we discuss
two problems which lead to (1) and the application of our
approach for the reduction of these problems.

Throughout this paper we use || - || to denote the Euclid-
ean norm in RY or the corresponding matrix norm in RV >V,
Instead of L”(0, T; RN) we simply write L?.



2 Balanced truncation model reduction

Model reduction seeks to replace a large-scale system of
differential or difference equations by a system of substan-
tially lower dimension that has nearly the same response
characteristics. Balanced reduction is a particular method
that preserves asymptotic stability and also provides an error
bound on the discrepancy between the outputs of the full and
reduced order system [3,4,6,10,19]. We use balanced trun-
cation model reduction because of the availability of an error
bound.

We briefly review balanced truncation model reduction for
linear time invariant systems in state space form

My (t) = Ay(t) + Bu(r), te (0,7T) (3a)
z(t) = Cy(t) + Dyu(t), t e (0,T) (3b)

y(0) = yo, (o)
—MX (1) = ATA() +CTw(r), t€(0,T) (3d)
q(t) = B'A(t) + Daw(t), 1€ (0,T) (3e)
AMT) =0, (3f)

where M € RNV is symmetric positive definite, 4 € RV >N

BeRN*m CeRON Dy e RE™ and D, € R,

Projection methods for model reduction generally produce
N x n matrices V, W with n <« N and with WT MV = I,,.
One obtains a reduced form of equation (3) by settingy = Vy
and projecting (imposing a Galerkin condition) so that

’

wTl [MV%?@) — AVy(@) — Bu(t)] =0, te(,T7).

Applying an analogous projection to (3d) and (3e) with A
replaced by VWA, we obtain a reduced order system of order
n given by

&) = Ay(t) + Bu(r), t€0,T) (4a)
(1) = Cy(1) + Dyu(r), 1€ (0,7) (4b)
¥(0) = Yo, (4¢)
AN =A")+CTw(), te©,T) (4d)
q(t) = BT"X(1) + Daw(1), t€(0,T) (4e)
MT) =0, (4f)

with 4 = WITAV, B = WTB,C = CV, and §y =
WT Myy.

Balanced reduction is a particular technique for construct-
ing the projecting matrices V' and WW. Originally, balanced
reduction was developed for state space systems with M =
1. To apply it to (3), we factor M = RR, multiply (3) by
R~!, and substitute ¥ = R”y, A = R7A. Then we apply the
standard balanced reduction to the resulting system. After-
wards we transform back to the original variables and express
all operations in terms of the original system (3).

To compute the balanced reduction, we first have to com-
pute the controllability and observability Gramians P, Q,
respectively. Under the assumptions of stability, controllabil-
ity and observability, the matrices P, Q are both symmetric
and positive definite and they solve the Lyapunov equations

APM + MPAT + BBT =0, (5a)
ATOM + MoA+cCTC =0. (5b)

There are direct methods for the small dense case and iterative
methods for the large sparse setting to compute P = UU”
and Q = LL” in factored form. In the large scale setting the
factorization is typically a low rank approximation.

The balancing transformation is constructed by

U ML = ZSYT  the SVD, (62)
v =Uz,s8,", (6b)
W =LY,S, /% (6¢)

Here, S, = diag(oy, 02, ...,0,) withS§ = §,,. The o; are in
decreasing order and 7 is selected to be the smallest positive
integer such that 0,11 < toq where t > 0 is a prespecified
constant. The matrices Z,, Y, consist of the corresponding
leading n columns of Z, Y.

It is easily verified that PMW = V§,, and that QMY =
WS,,. Hence,

0 =WHAPM + MPA" + BBTHW

=AS, + S, A" + BBT, (7a)
0=V'(A"OM+ MQA+C OV

= A’S, +S,A+C'C. (7b)
The terminology “balanced” refers to the fact that the con-
trollability and observability Gramians S, of the reduced
systems are both diagonal and equal. This is true for every
possible order n of the truncation.

It is well known (see e.g., [3,10,26]) that A must be sta-
ble. Furthermore if yo = 0, then for any given inputs u, w
we have

Iz —Zl 2 < 2llull2(0n+1 + -+ 0N, (8a)
la —qllz2 <2lwlz2(0n41 + -+ on). (8b)

Remark 1 One can derive error bounds for inhomogeneous
initial values yg. These require a slight modification of the
problem set-up in which the original B is augmented, see
[13]. Since we are interested in the handling of local nonlin-
earities and our examples have homogeneous initial values
yo = 0, we omit this extension.



3 Balanced truncation model reduction
and optimal control

Before we consider the optimization problem (1), we con-
sider a simpler problem, a linear quadratic optimal control
problem

T
1
min J(u) = 5/ ICy(t) + Du(r) — d(1)|dt, C))
0

where y(f) = y(u,; t) is the solution of

My’ (1) = Ay(7) + Bu(?),
y(0) = yo.

te,7), (10a)

(10b)

Here M € RV XN is symmetric positive definite, A € RV*N |
BeRM" CeR>N DeRF™ and deL?(0,7) is a
given function. We assume that there exists & > 0 such that

vl Ay < —aVTMV, vv e RV, (11)

Note that (11) implies that all eigenvalues of the pair (A, M)
have negative real part.

We want to reduce this optimization problem using bal-
anced truncation model reduction and establish bounds for
the error between the solution u, of (9), (10) and the solution
U, of the reduced optimal control problem. This will pro-
vide some insight into the process that will be applied for the
reduction of the optimization problem (1) in a simpler setting
involving less notation.

The necessary and sufficient optimality conditions for (9),
(10) are given by

My'(t) = Ay(t) +Bu(t), te€ (0,T) (12a)
z(t) = Cy(t) + Du(r) —d(1), t€(0,7) (12b)
y(0) = yo, (120)

—MM (1) = ATA@t) +CTz(r), 1€(0,T) (12d)
qt) =B A@) +DTz(t), t€(0.T) (12e)
AT) =0, (12f)
qit) =0, 1€(0,7). (129)

The optimality system (12) is written in a slightly unconven-
tional way to highlight its connection with the system (3) to
which balanced truncation model reduction can be applied.

We use balanced truncation model reduction to compute
W,V and the reduced optimality system

() = Ay(t) + Bu(t), t€(0,T) (13a)
2(t) = Cy(t) + Du(r) —d(1), t€(0,T) (13b)
¥(0) = Yo, (13¢0)
A @) =ATh@)+ CT2(t), t€(0,T) (13d)
40 =B"A1) +D'z(t), 1€(0,T) (13e)
MT) =0, (13f)
q) =0, t€(0,7), (13g)

with A = WIAY, B = W'B,C = CV, and §) =
WT My,. We assume that

Yo=10 (14)

cf., Remark 1. This can always be achieved by representing
the solution of (10) as'y = y, + y», where y, solves (10)
with u = 0 and y,, solves (10) with yp = 0 and then writing
the optimal control problem (9), (10) as a problem in y,,.
We note that the reduced optimality system (13) is the
optimality system for the reduced optimal control problem

T
min J (u) = %/ ICY (1) + Du(r) — d(1)||*dt (15)
0

where ¥(¢) = y(u; t) solves

¥ () = A¥(t) + Bu(r), 1€ (0,T), (16a)
F(0) = o. (16b)

Next we provide an estimate for the error between the
solution u, of (9), (10) and the solution u,, of (15), (16). We
assume that J is a strictly convex quadratic function. More
precisely, we assume the existence of k > 0 such that

(w—w, VJ@) = VJ(W)2 = kflu— w7, 7

for all u, w € L2. If u, solves (9), (10) and T, solves (15),
(16), then

VJ(u,) =VJ@,) =0
and (17) implies
e — Bl 2 IVT @) — VI @) 2
= [luye — Wyl 2 IV (0) — VI @) |2
> (uy _ﬁ*, VJ(u,) — Vj(ﬁ*))Lz
> kllu, — 0ulf3,.
Hence
s — Bl 2 < k7! IVT (@) — VJ@)| 2. (18)

Thus, to estimate the error we need to estimate the error in
the gradients between the original problem (9), (10) and of
the reduced (15), (16).



To emphasize the dependence of the solution of (12a—
12f) and of (13a—13f) on the inputs u, we often write
y(u), z(u), A(u), q(u) and y(u), z(u), (), q(u). If for
given u the functions y(u), z(u), A(u), q(u) satisfy (12a—
12f) and Y(u), Z(u), A(u), G(u) satisfy (13a—13f), then

VJ@) =q), VJ) =7q().

To estimate the error ||q(U,) — q(u,)|l;2 we cannot use the
error estimate (8) for balanced truncation model reduction
directly, since (3d, 3e) and (4d, 4e) both depend on the same
input w, whereas (12d, 12e) has input z and (13d, 13e) has
input Z.

We consider the auxiliary adjoint equation

—MX () = ATx@) + CTZ(r), t€(0,T) (19a)
q@0) =BTX(1) + D Z(r), 1€(0,T) (19b)
AT) =0. (19¢)

Lemma 1 Let (11) be satisfied. Foranyz,Z € L? the outputs
q and q of (13d)-(13f) and (19), respectively, satisfy
19 —dqll2 <clz—zl 2.
where ¢ = o~ 12|CM~ 2| |M~/2B|| + ||D|.
Proof Since M is symmetric positive definite, M!/? exists
and is symmetric positive definite. The scaled adjoints
M!/2(x — 1) satisfy
M2 =)' @) = M'PATMI2PM 2 (0 = M) ()
+M~12CT @ - 2) (),

M'2(X — A)(T) = 0.

Lemma 4 in the “Appendix” gives

2ICM 2|
—lz -zl

M2 = )2 <
The desired inequality follows since
G—-q=B"M'"”?M'"2x = 1) + DT @ - 2).

O

The error estimate (8) for balanced truncation model
reduction implies

(20a)
(20b)

lz —Zl 2 < 2|l 2(0n41 + -+ oN),
19 —qll2 <20Zll2(0nt1 + -+ on)
forallu € L? and allZ € L*. We can now use Lemma 1 and
the balanced truncation model reduction error estimates (20)

to derive a bound for the error between the solutions u, of
(9), (10) and u, of (15), (16).

Theorem 1 Let (11) be satisfied. For anyu € L? let§(u) be
the corresponding reduced state andz(u) = Cy(u)+Du—d.
The error in the gradients obeys

IVJ ) — VI W) 2
<2(clullz2 + IZ@)ll2) (Gng1 + -+ + on),

where c is the constant specified in Lemma 1.

Proof For arbitrary u € L? let the functions y(u), z(u),
A(u), q(u) satisfy (12a—12f), lety(u), Z(u), (), q(u) sat-
isfy (13a—13f), and let X(u), q(u) satisfy (19).

We have VJ(u) = q(u), Vf(u) = q(u). Lemma 1 and
the balanced truncation model reduction error estimates (20)
imply

lq) — G|,
< llq) — q)ll,2 + G — G| 2
< clZ(u) — z()|| 2 + 2[ZW)| 2 (Gns1 + -+ + ON)
< 2(cllullz2 + [Z@]12) (Ont1 4 -+ on).

]

Inequality (18) and Theorem 1 imply the following esti-
mate for the error in the optimal controls.

Corollary 1 Let(11) be satisfied and let k > 0 be a constant
such that (17) holds. Furthermore, let u, solve (9), (10) and
let Uy be the solution of (15), (16) with corresponding state
Y andz, = 6’)7* +Du,, —d. The error between the solutions
satisfies

™ —ﬁ*”L2

2, R
< ; (C“u*”LZ + ||Z*||L2) (an+l 44 GN),
where c is the constant specified in Lemma 1.

Note that the size of 0,41 + - - - + o can be controlled by
the user during the computation of the reduced order models.
Moreover, [[U| 2 and |[Zx||;2 can be computed.

4 The optimization problem

We now return to the optimization problem (1). The Lagrang-
ian associated with this problem is

L(y, A,0)
T
= /Z(y(t), t,0)dt

0
T

+/x(t)T (M@©)Y (1) + A©)y(1) — B(O)u(r)) dr.
0

Since @ is a closed convex set, the first order necessary opti-

mality conditions for (1) are given by 6 € ©,
d

M(Q)ZY(I) +A@)y@) =B@u(@), (21a)

—M(e)T%x/(r) +A@) A1) = —Vyl(y(1),1,0), (21b)



fort € (0, 7),

T

/D@E(y(t), 1,0)(0 — 0)dt

T

r - d
+/)~(t) (DeM(©) (6 — 0)) 770
0

+ (Do A6) O — 0)) y(1)

— (DeB©)(@ - 6)) u(t)] dt >0 21c)

forall @ € @, and y(0) = yo, A(T) = 0.

4.1 Domain decomposition

We assume that £2(0) is decomposed into a subdomain £2;
independent of € and a subdomain £2,(0) that depends on 6.
More precisely, we assume

Q0) =21U20), 21N200)=10

Moreover, we assume that the integrand ¢ in the objective
function (1a) is of the form

ey, 1,0) = 1Py @) —alo))?
+eyr @),y @), 1,6). (22)

In the following section we will use domain decomposi-
tion to decompose the optimality conditions (21) into three
components, one corresponding to the fixed subdomain £21,
one corresponding to the variable subdomain £2, (), and one
corresponding to the interface. The decomposed problems
will be used to identify linear quadratic subproblems cor-
responding to the fixed domain 21, which will be reduced
using balanced truncation model reduction.

‘We note that both subdomains £2; and §2, (6) could be sub-
divided further. This additional structure can be used in the
implementation of the balanced truncation and the optimi-
zation algorithm for the solution of the reduced shape opti-
mization problem. However, the division of £2(6) into £2;
and £2,(0) is enough to study the essential features of our
approach.

We use a standard nonoverlapping domain decomposition
approach (substructuring) to decompose the optimality sys-
tem. See e.g., [22, Chap. 4] and [25, Chap. 1]. Our notation
follows that of [22,25]. The finite element stiffness matrix
can be decomposed into

0 M
Mg A )

A©® = | A Arzp(e) AFZI(Q)
0 A%®) AP0

where

Arr) =AY + AR ©0).

The matrices M, B admit similar representations and the vec-
tors y, u can be structured accordingly.

In the following we frequently omit the argument ¢ and,
for example, simply write y(ll) instead of ygl) ().

Using the domain decomposition structure, the state equa-
tion (1b) can be written as

d
M)
11 d
(1 (1) (n

+A; Y ARy

— B u(?

“1 , (23a)

M2 (9) ¥ 4 M2 (9)

(2) (9)y<2> AR (0>yr

- B(z) (9)u‘2> (23b)

d
v+ Mrr(9)—)’r +Mp; -y
+AL Y + Arr©@yr + A7y
=B O)ur.

d
(D
M}, —
Fld
(23¢)

The optimality conditions (21) can now be written as (23a—
23c) and the adjoint equations

md. o m d
M, — dt —A; erd Ar

T
=—(c") (Cﬁ“ M d(”) (23d)
_M<2>(9) ) M(2>(9)
+(A(,2,)(9)) AP+ (A(ﬁ}(e)) Ar
=V, lor.y;.1.0), (23e)

d d d
W4, @4, 0
~Mp) Ay = Mrr@)—Ar = M7 A

+(A) A0 A ar + (a2) 2

= _VYFZ(YF7 YSZ), z, 9), (23f)

and

/Dez()’r, yﬁz), 1,0)(0 — 0)dt

T
~ d y
() [iwems 5 ()
0
+ (DA ©)@ - ) (yyé))

—( DyB? (6)(F — 9))( (2))] dt >0

(23g)



forall @ € ®, where we have set

Mrr@©) M2 @)
1r 11

Arr©®) AP @
A% ®) = (Af”r((e)) A(%E@; )
Ir 11

Br(@©
B(Z)(Q) — (B(Ig)((e))) .
1

We apply balanced truncation model reduction to the opti-
mality subsystem that corresponds to the fixed subdomain
2.

4.2 Balanced truncation model reduction of the fixed
subdomain problem

We will apply balanced truncation model reduction to the
optimality subsystem that corresponds to the fixed subdo-

main £2{. To accomplish this we need to identify how ygl)

and X(ll) in (23) interact with the other components of the sys-
tem and we have to make sure that the resulting subsystem is
of the form (3) to which balanced truncation can be applied.
This is the reason why we have assumed that the integrand £
in the objective function (1a) is of the form (22).

If we inspect (23) to see how ygl) and l(ll) interact with
the other components of the system, we are led to

nd D1 nd
MO Ly _ gty oy &

1Y I gy
+B§l)ll§1) _ Agl}yr (24a)
) =~y a Q)
d
1 1 1 1
=M A i
md M) 30 e 4
_M”Ekl :-(A”) A +M“~E)~F
T T
DRI e
T
- () =
md M\ S
qr =M1‘15)‘1 - (AIF) A (24D)

Infact(24a) and (24d) are identical to (23a) and (23d), respec-
dvely, it wi" = —z" = cVy!" — aV. The output (24b)
enters into (23d) and the output (24c¢) enters into (23c). Sim-
ilarly, the output (24f) enters into (23f). The output (24e)
is included as an auxiliary variable. It does not enter into
any of the equations in (23), but is included to establish the
connection with the generic system (3).
It

M2 =0 and M) =0, (25)

then (24) is given by
MO L _ i g0 ) (w7) 06
Ilayl =2y +( 1= IF) y (26a)

r
) _cW I
) = I (”+( )d“) 26b
()= @)oo
md.m vy —C ! wi
_MIIE)‘I =—(A;)" A+ _AW Ar

(26¢)
m r
q ) — (B —a®) A
( qar 1 | 1r 1

(26d)

This system is exactly of the form (3) that is needed for bal-
anced truncation. We assume that

viAv < —av'Mv, Vv eRV. (27)

Note that assumption (27) implies

1)
vIADy < —aviMiDv,  wweRM . (28)

As a consequence of (28) all eigenvalues of the pair
(Agll), M(III)) have negative real part and, hence, balanced
truncation model reduction can be applied to (26) which leads
to the following reduced subsystem

S = AN Al oo
20 = ¢y yalV, (29b)
ar=-ANFY, (29¢)
e 1) IR VA () RE VAR (e M
(29d)
a = (8") 7", (29¢)
ar = (&) ", (299)
We assume that
¥io =0, (30)

cf., Remark 1.

Balanced truncation generates a reduced order model (29)
such that the error between the input-to-output maps of (24)
and (29) can be estimated by

(1 =(1) (D

1) -Gl =G e
Zr Zr )2 yr 12

(1 =(1) (M
()= =IC)L e
qar qar /| ;2 Ar )2
where
T=0pt1+ - +o0N. (3l1c)



To be consistent with (25) we also assume that MEZIZ =0

and M%} = 0. The reduced order optimality system corre-
sponding to (23) is given by the state equation

)

~Ma(D) | ~De w1
9 ALY + AT =B ), (32a)
»d 22 2~ 2) @
My} o3+ ALY + AT =B, (32b)
d.  ~ —~
MFFEYF + Aﬁ}?ﬁ” +Arryr + A(I%}S#IZ) =Brur,
(32¢)
the adjoint equation
d ~1 ~m\ T =~ ~m\T =
- (AR) A+ (AR) %
~M\T (ah=( 1
=—(C) (€5 -a). (32d)
d ~ T . T
) (2) 2) (2) 2
—Mj; E)‘I + (An) A+ (Am) Ar
= Vo l@r.5;".1.0). (32¢)

d ~ ~ T < e T <
o (W) 5 ] B ()
= V5. LGr. 5. 1.6), (32f)
where M{; = M7 (0), Mrr = Mrr(6), A = A (©),
Arr =Arr©), AP =A%), A® = AP 6), B? =
Bﬁz)(e), B =B (0), and by

T

| DTG 5100~ 03

0
Y4VAY d (¥

r 5 yr
- DM@ )@ —0)) —
+/(k52>) (M2 0@-0) & (ﬁm)

0

+(DoA® @)@ -0)) (,yﬂ%)
1

- (DQB<2>(9)(§— 9)) (l':(g) )] dt >0
1

foralld € ©.

The reduced order optimality system (32) is the first order
necessary optimality system for the reduced order semidis-
cretized shape optimization problem

(329)

T
minimize / ey P ay —aP o3
0
HFr @), 37 @), 1,6) dt, (33)

subject to (32a—32c) with initial conditions ’y\gl)(O) = ’)7(11()),

3752) 0 = yf()), Yr(0) = yro and parameter constraints
0e®.

4.3 Error analysis

We define the objective functions

T

J() = / Py Py — a3
0
+( I

yr@0),y? @), 1,0)dr,

T

J6) = / ey @ —aP o3
0

G @), 32, 1,0) dt,

where ygl ), ygz) , yr solve (23a-23c) and Where’ﬁgl) , ﬁz) Yr

solve (32a-32c). Using these objective functions, which treat

the states ygl), ygz)’ yr and 3751),3752),3% as implicit func-

tions of € @, the optimization problems (1) and (33) can
be written as

in J (0 d minJ(@
min (0) an min ®)

respectively. Recall that @ is a closed convex set. If 6, € ©
and 0, € © are solutions of these problems, then

VIO (66020 VIBI@-8)=z0 (4
for all & € ©. This implies

(VJ(O:) = VI @) 0 — 6:) = 0 (35)
If we assume the convexity condition

(VI@) = VI @) @ = 6:) = il — 0], (36)
then combining (35) and (36) leads to

(VI(B) = VIE) O = 6:) = [0 — 6,11,

Hence, we have the error estimate

105 — sl < k"1 IVT(@s) — VI @) (37)

As before, assuming (36), an estimate of the error in the
solution of (1) and (33) requires an estimate of the error in
the gradient of the full and the reduced order optimization
problem.



The gradients are given by

vIie)'o
T

/ Dollyr (1), y2 1), 1, 0)ds
0

T T
Ar(t) 2 yr)
+0/ (k%)) [(DM %) & (%))
@ ) [ Yr®
+(D9A (9)9) (y?’(;))

~ (DB 0)7) (1‘1‘(5)(8))] dt
1

where ygl), ygz), yr, X(Il), A(IZ), A solve (23a-23f), and

vie'e

T
— / DelFr ), 352 (0), 1, 6)8dt

T
Ar(0) d (yr@)
DM (6 9 — ( )
+0/(x§2)()) ’ ( ) 7 3752)0)
yr@)
+(D ( g><t))
DyB® (6)8 (“F(t))} d
( ©® ) u?n )]

where'ﬁgl , 3752), yr, ﬁl), AS Xp solve (32a-32f), respec-

tively. The difference is given by

A® (9)9

(VJ@©) —VIe)

T
=/(DJ(yr,y?),r,e)—DeF@r,??),rﬁ)) b
0

T
d (yr—yr
DM<2>99
(88 [oaeen) 5 (25 75)
0
-yr
+ (DyAP (9)6 ( )]d:
( ) y? _3?
Y E VI,
r —Ar yr
/(x@ A(z)) DeM(z)(9)9) (’)7(2))
1
0
yr
+(DyAP (98 ( )
( ) (5o

ug ))] dt. (38)

We begin with an estimate of the error in the states.

+

(DgB(Z) )8

¥ solve (32a-32c¢). Furthermore, let }731)

Lemma 2 Let (27) be valid. If y\", y\?, yr solve (23a-
23¢), and 3\, 32, §r solve (32a-32c), then

(5)
S;F L2

(D (1 A<D
HCI yi =Gy,

L2

—1 (1)
S(2+4||M hic ||)
o

and

T (39a)

@ _ <@ 4 M~ (1)
(y’ i ) ” ( ) . (39b)
Yr —Yr 12 12
where T = 041 + -+ - + ON.
(1) ~(1) =2

Proof Lety;”, y, , ¥r solve (23a-23c), and lety, ", ¥, .

solve

Vi 0O+ ALY O+ AT =B w0

(40)

d _
(D
MI] d

with initial condition ¥ (0) = y{}.

The balanced truncation error bound (31) implies
(1)~(1) (1),\(1) 1
ol s ) =21 GOL
AFIYF - Ap,)’r
The equations (23a—23c), (32a-32c), and (40) give
(l)(g) ( (eY] 3;51))

A?])(@)(y(“ F+AN @) (yr—3r) =0,
(”) )

T, (41)

(42a)
My} ©®)

(2)(9)<y(2> FHAD O (yr—Fr) =0,  (42b)

MFF(Q)—()’F —¥Yr)+Arr@)r —yr)

+A(1 (y(l) ~(1)) +A(2;(9)(y(2) A(z))

— A=) (l)~(l)
—A - ANy

riy; (42¢)

with initial conditions y!"(0) — 7" (0) = 0, y?(0) —
37(0) = 0,yr(0) = §r(0) = 0.
Apphcat1on of Lemma 5 in the “Appendix” to (42) fol-

lowed by an application of (41) gives
1 _ <D

AL 2||M I
2 2 (1)/\(1) 1) =(1)
W || < [A%F - a5 |
yr—yr 12

4||M ul”

<=1 (43)

This implies (39b). The estimate (39a) follows from (41) and
(43). o

The errors in the adjoints are estimated similarly.



Lemma 3 Let (27) be valid and assume that The equations (23d-23f), (32d-32f), and (45) imply

(1) 1 _ (1)
~ ~ ) A
||vyre<y§2>,yr,z 0) ~ Vo LG Fr.1.0)] Mirg O =40
1
(||y(2) ¥ +|IYF—YF||) " +HAT (17 -T1) +@AppTar -
~Q2) ~ _ (1 M (1) _ @D
||Vygz>e(y, L yr0) = Vo lG;).5r.1.0)] =€ >(C v’ - ¢'5i").
172 2 2 _ 5@
2 ~(2 —
<2 (Iv? =58 + lyr - FrI?) M) (P -17)

2 T =~
5 +AP @)T (xﬁ” iﬁ))+(A(ﬁ}(9)) (Ar —2r)
forally? =% e RN yr —§r e RV 0 € ©. If

2) ~(2) ~
Y =—\V (Z)E( ¢ s YT th) _v’\(z)z( s YT 95t))9
ygl), ygz), yr k;l), X§2>, A solve (23a-23f), andygl), ')752), ( Yi iy Yi iy

I d ~ ~
yr, X(l) i( ), X solve (32a-32f), then —Mrr(9)— (Ar —r) +Arr@)" (Ar —1r)

0 o Jr(A(l)) (x“) (1)) (A(z) )T (x(z) i(,z))
MR <goui o) (44)
VSV | P ’ - (K}”) FYRIONSIP Y
- (Vyrﬂ (yﬁz), yr 6, t) — V5L (?}2),%, 0, t)) :
where
N with final conditions X(l)(T) = k(l)(T) =0, X(z)(T) =
4mty ey — e 22)
- 7 IR I A (T)=0, anpr(T)_kp(T)_O Lemma 5 gives the
o Ar L2 estimate
+(2||C§”||||M‘ [ (2 L Ae ! ||) A T
o o 1(2) )\(2)
SSLM” 1||2)”< <1>) A iy %
o? L 2IM ) el
< =1 cPy - PR

—1
Proof Let y\", y, yr xﬁ”, AP, Ap solve (23a-231), + &R - A,
and’iﬁl), 3752), yr, /):(11), k, , 5:1" solve (32a-32f) and set 2L||M ‘|| H( (2) 3;52)) )
Yr —yr L2
7V =Py The error estimate follows from (39), (46) and (48). O

~) Equation (38) and Lemmas 2, 3 imply the following result
Furthermore, let A; * solve

Theorem 2 Let the assumptions of Lemma 3 be valid and

md~ (1) (D~ () (D) assume that
_MII d_ (t) + (A ) )‘ ([) + (AF1) )"I"(t)

”V@Z(y[ 7YI“,t 9) VGE(YI 7YF,f 9)”
= MMy —a) (45)

1/2
2 2 ~
=L (Iv? =570 + lyr = ¥r1?)

with the final condition &\ (T) = 0. @) _

The balanced truncation error bound (31) implies
(B(l))Tx(l) (ﬁ(l))T’\(l)
1 1
AR - &Y

(DH=(1) (1)
<2 (CI Y —d; )
T Ar

forally? —§? ¢ RNy —§r € RN 0 € 6, and
max {IDsM® @7, | DsAP @71, 1B ©)F] | < v

for all ||§|| < landall® € ©. There exists c > 0 dependent
12 onu, Yy, and A such that

~ C
(Ong1+---+on). (46) IVIO) = VIO 2 = E(Un+l +---+on).
L2



Proof Theinequality follows directly from equation (38) and
Lemmas 2, 3. O

Corollary 2 [f the assumptions of Theorem 2 and (36) hold,
then there exists ¢ > 0 dependent on u, ¥, and A such that

~ Cc
10+ = Osll < —(Ony1 + - +0n).
oK

Remark 2 (i) The error estimates in Theorem 2 and Cor-
ollary 2 rely on an estimate of the type (31) of the
errors between the input-output operators of the full
state and adjoint systems and the reduced state and
adjoint systems. Balanced truncation model reduction
provides such a bound. Any other model reduction
technique for which such a bound is available can be
used as well.

(i) The assumption (27) is used in two ways. First, it
implies that all eigenvalues of the pair (ASII), Mgll))
have negative real part and, consequently, is neces-
sary for the application of balanced truncation model
reduction. Secondly, we use it in connection with
Lemma 4. We could, for example, use Gronwall type
estimates to derive different bounds for the solution
of a dynamical system in terms of the right hand side
of the dynamical system. These bounds can be easily
substituted for the bound in Lemma 4. If such esti-
mates are used, assumption (27) could be weakened.

5 Numerical examples
5.1 Optimal control of water pollution

This example is motivated by [5], where adaptive finite ele-
ments are considered for a steady state version of the optimal
control problem described below. See also [1] for a related
problem.

The domain £2 is shown in Fig. 1. The boundary specifica-
tions in Fig. 1 are those for the advection diffusion equation
(50).

The advection V is the solution of the steady Stokes equa-
tion

—uAV(x)+Vpx)=0, in$2 (49a)
V-V(x)=0, in£ (49b)
V(x) = Vin(x), on i, (49¢)
V(x) =0, only (494d)
—uVVx)n+ p(x)n =0, on [yy. (49e)

The problem data are chosen as in [5]. In particular, u = 0.1
and V;, (x) = (1 — (x2/0.2)2, 0)”. Furthermore, the inflow
boundary is I}n = {(x1,x2) € 2 : x; =0}, the outflow
boundary is oy = {(x1,x2) € 2 : x; =12}, and Iy =
082\(Iin U Tout).

0.4

0.2 n}
U1
or FD
-0.2
Ty Iy
—0.4 . . L . .
0 0.2 0.4 0.6 0.8 1.0 1.2

Fig. 1 The domain £2 with boundary conditions for the advection dif-
fusion equation (50)

The optimal control problem is governed by the advection
diffusion equation

iy(x, 1) = V(kVyx, 1) +V(x) - Vy(x, 1)

o1 (50a)
=u(x,t)xy, (x) +ulx, t) xy, (x) in £2, (50b)

with boundary and initial conditions

yx, 1) =0 inIp, (50c)

%)’(X,l)=0 inI'y, (50d)

y(x,0) =0 in £2. (50e)

Here yg is the characteristic function corresponding to the
set S. Furthermore, k = 0.015, V is the solution of (49), the
boundary segments I'p and I'y and the control regions U
and U, are shown in Fig. 1. In our experiments, the final time
isT = 4.

The objective function is

T
%//(y(x,t) —d(x,1)*dx dt
0 D
T
—4
—i—%/ / uz(x,t)dxdt,

0 U VU,

where D is the observation region shown in Fig. | and d =
0.5.

For the spatial discretization we use piecewise linear finite
elements on three different triangulations with decreasing
mesh sizes. We use the modified low-rank Smith method in
[12] with m = 4 shifts to solve the controllability and observ-
ability Lyapunov equations (5). For the model reduction, we
select those Hankel singular values o, with o,, > 10~ %a.
Table 1 displays the size of the reduced and the full order
problems for the three grid sizes. The size of the reduced
order model is insensitive to the size of the discretization.



Table 1 The number m of observations, the number k of controls, the
size N of the full order system, and the size n of the reduced order
system for three discretizations

Grid number m k N n
168 9 1,545 9
283 16 2,673 9
618 29 6,036 9

Hankel Singular Values

10
| **
10°F_ T, .
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o
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Fig. 2 The largest Hankel singular values and the threshold 10~%o

Figure 2 shows the largest Hankel singular values for the
fine grid discretization, together with the threshold 10’401
indicated by the solid line.

For the numerical solution of the optimal control prob-
lem (9), (10) and of its reduced version (15), (16) we use
the Crank—Nicolson method in time with time step size
102, The resulting problem is solved using the Conjugate
Gradient method with initial guess u = 0. The Conjugate
Gradient is stopped if the initial residual is reduced by a fac-
tor 1074, Figure 3 shows the integrals fUl uz(x, t)dx and
fU2 u*(x, t)dx of the optimal controls computed using the
full and the reduced order model on the fine grid problem.
The full and the reduced order model solutions are in excel-
lent agreement as expected by Corollary 1. For the fine grid
problem, the error between full and the reduced order model
solutions is [lus — Wl|7, = 6.2- 1072,

The convergence histories of the Conjugate Gradient algo-
rithm applied to the full order and reduced order optimal
control problem are shown in Fig. 4. The convergence behav-
ior of the Conjugate Gradient algorithm applied to the full
and the reduced order problems is nearly identical. Although
there is no rigorous theoretical justification for this behavior,
it is not surprising, given the gradient error bounds derived
in Theorem 1.

10°} oy

1 1 1 1 1 1 1 L

0 0.5 1 1.5 2 25 3 3.5 4
Time

Fig. 3 The fop plot shows the integrals [, u2(x, t)dx and Ju,

72(x, )dx of the optimal controls computed using the full (solid blue
line) and and the reduced order model (dashed red line). The bottom plot
shows the integrals fUz u2(x, t)dx and fuz @2(x, 1)dx of the optimal
controls computed using the full (solid blue line) and and the reduced
order model (dashed red line). The full and reduced order model solu-
tions are in excellent agreement

5.2 Shape optimization

Our second example is a shape optimization problem gov-
erned by the heat equation. The domain £2 is of the type
shown in Fig. 5 with a circular hole 2. It is decomposed
into subdomains 21 = £24 U £2p and §£2, = 2c\L2y.
The boundary 952 is decomposed into Iy, I'g, I'r, I', and
I'y = 082y. The interface between £2; and 2, is given by
Iy = (§A ﬂﬁc) U (53 ﬂﬁc).

Assuming a heat source f in £25 x (0, T), no heat flux
through 92 at any time, and zero initial temperature, the
objective is to design the shape of the top I 7 and the bot-
tom I p of 3§27 in such a way that a prescribed temperature
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Fig. 4 The convergence histories of the Conjugate Gradient algorithm
applied to the full (blue +) and the reduced (red ) order optimal control
problems

distribution y¢ is achieved in £2» x (0, 7) and on (I U
I'r) x (0, T). We use a parametrization £2>(6) of £2, by
means of the Bézier control points 6 € RK k = ky + kg, of
Bézier curve representations of I r and I g, where k7 and
kp refer to the number of control points for /> 7 and I g,
respectively. The shape optimization problem amounts to the
minimization of

T T
J(6) =/ / |y—yd|2dsdt+/ / ly — y![*dxdt
0 I'tUl'g 0 £2,(0)

subject to the differential equation

yi(x, 1) = Ay(x, 1) + y(x, 1) = f(x,1) in$2(0) x 0, 7),
n-Vyx,t) =0 ondf2() x (0, T),
y(x,0) =0 in £2(0).

and design parameter constraints
emln E 9 S emax’

Weset f = 100 in £22(0) x (0, T) and f = O else. Further-
more T = 4. The bounds #™", §”%* on the design param-
eters are chosen such that the design constraints are never
active in this example. We use k7 = 3, kp = 3 Bézier con-
trol points to specify the top and the bottom boundary of the
variable subdomain £2,(6). The desired temperature y¢ is

computed by specifying the optimal parameter 0, (specified
in Table 3) below) and solving the state equation on £2(6,).
The optimal domain §2(6,) is shown in Fig. 6.

For the semi-discretization in space we use conforming
piecewise linear finite elements with respect to a simplicial
triangulation of the computational domain §2(0) that aligns
with its decomposition into the subdomains £2; and $2;. For
D C §2, wedenote by N}, (D) the set of nodal pointsin D. We
use the domain decomposition methodology as described in
the previous section and set Nd(]:))f = card(NV, ($2,\17)), v =

1,2, and N(;olf := card(NV;,(I7)) so that Naof = thllj} +

Nd(i} + N ;[ff is the total number of degrees of freedom.

The matrices A, M in the semidiscretized optimization
problem (1) are given as usual. If ¢; are the piecewise lin-
ear basis functions associated with the triangulation of £2 (),
then, for example,

A@y = [ (VoIVai+0,0)ar

20)

The matrix B(9) € RNdor*! corresponds to the right hand
side f and is given by B(9); = f92(0) ¢idx such that with
u = 100, fQ(e) f&x, t)gidx = B(0)u (recall that f = 100
in £22(0) x (0, T) and f = O else). If the boundary data in
the heat equation were nonzero, they would also be incor-
porated into B(#) by adding another column. For example,
n-Vy(x,t) = g1(x)ga2(¢) on 9§2(0) x (0, T) would lead to
a second column of B(6);» = fa(z(e) ¢ig1(x)dx.

The observation matrix Cgl) in (22) is associated with

the term fOT fFLuFR |y — y¢|?dsdt in the objective func-
tion. If ¢;, i = 1, ..., ky, are the basis functions associated
with the nodes on I'7 U I'g, then we compute the entries

M
of Cgl) e RFNaof g5 (C;l))i,j = fgl @i (x)¢j(x)dx for

i=1... knandj=1_. Ny}

We use automatic differentiation [11,21] to compute
the derivatives with respect to the design variables 8. The
semi-discretized optimization problems are solved using a
projected BFGS method with Armijo line search [15]. The
optimization algorithm is terminated when the norm of pro-
jected gradient is less than € = 1074,

As before, we use the modified low-rank Smith method
in [12] with m = 4 shifts to solve the controllability and
observability Lyapunov equations (5). Figure 7 shows the
largest Hankel singular values. For the model reduction, we

Fig. 5 Reference domain £2yf r
T
1 T T T T T T T T T
i r r Q |
I o Qa [ @ [ B 'y
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-10 -8 -6 -4 -2 0 2 4 6 8 10

T



Fig. 6 Optimal domain T T
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Fig. 7 The largest Hankel singular values and the threshold 10~*0
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Table 2 Sizes of the full and the reduced order problems X
DDE D D @,
1 @
Niof Naoy 10°t ® :
= D+
o T,
Reduced 147 581 = 00000, +
O
Full 4,280 4,714 E 102} o i
Table 3 Optimal shape parameters 6, and 6, (rounded to 5 digits) com- 1074} 0004
puted by minimizing the full and the reduced order model, respectively +
Oy (1.00, 2.0000, 2.0000, —2.0000, —2.0000, —1.00)
—~ —6 . L L L L L
0, (1.00, 1.9999, 2.0001, —2.0001, —1.9998, —1.00) 105 5 10 15 20 25 30

select those Hankel singular values o, with o; > 10_401.
The threshold 10~*07 is indicated by the solid line in Fig. 7.

Table 2 displays the sizes for the full and the reduced order
problems.

The optimal shape parameters 6, and 0, computed by min-
imizing the full and the reduced order model, respectively,
are shown in Table 3. The error [|0* — 8%||, = 2.325 - 10~*
is proportional to the threshold applied to the truncation of
the Hankel singular values, as predicted by Corollary 2.

The convergence histories of the projected BFGS algo-
rithm applied to the full and the reduced order problems
are shown in Fig. 8. Except for the final iterations, the con-
vergence behavior of the optimization algorithm applied to
the full and the reduced order problems is nearly identical.
Although there is no rigorous theoretical justification for this

k

Fig. 8 The convergence histories of the projected BFGS algorithm
applied to the full and the reduced order problems. The top figure shows
the convergence history of the objective functionals for the full (blue +)
and reduced (red () order model. The bottom figure shows the conver-
gence history of the projected gradients for the full (blue +) and reduced
(red () order model

behavior, it is not surprising, given the gradient error bounds
derived in Theorem 2.

6 Conclusions

We have integrated domain decomposition and balanced
truncation model reduction for the numerical solution of a
class of PDE constrained optimization problems which are



governed by linear time dependent advection diffusion equa-
tions and for which the optimization variables are related
to spatially localized quantities. Our approach leads to a
reduced optimization problem with the same structure as the
original one, but of potentially much smaller dimension. We
have derived an estimate for the error between the solution
of the original optimization problem and the solution of the
reduced problem. The estimate is largely determined by the
balanced truncation error estimate.

Our approach can be extended in various ways. In [2]
we have extended it to shape optimization problems gov-
erned by the incompressible Stokes equations. In this case,
the balanced truncation model reduction, the domain decom-
position, and their integration needs to be carefully modi-
fied due to presence of the incompressibility conditions. It
is also possible to admit localized nonlinearities in the PDE,
such as those considered in [23,24]. Using model reduction
techniques for nonlinear systems such as proper orthognal
decomposition (POD) (see e.g., the overview [14]) or exten-
sions of balanced truncation to nonlinear systems [16] one
can apply our approach to nonlinear PDEs. However, cur-
rently no a-priori error estimates exists for these model reduc-
tion techniques and, consequently, no estimate for the error
between the solutions of the original optimization problem
and of the reduced problem can be obtained.

Appendix

Lemmad4 Let A € RV*N and B € RNX™_ [f there exists
o > 0 such that

viAv < —a|v||*> VveRV, (51)

then the solution of

y() = Ay(t) + Bu(), 1€, T), yO) =yo (52)
obeys
Iyllz2 < :j_—ll)’oll + —[Bullz2 < :j_—ll)’oll + ||—BHII ufz2.

Proof We multiply the differential equation (52) by y(¢)” to
obtain

l1d T T
27 ly))? =y Ay(0) + y(&)T Bu(r)
< —ally®l* + y " Bu().

If we multiply the previous inequality by exp(«t) we arrive
at

d
= (e Iy0)1?) = 2¢y ()" Bu@),

Integration from O to ¢ gives
t

ly(OI* < e [lyoll* + / 2¢*" Dy (r)" Bu(r)dt
0

and integration of this resulting equation from 0 to 7 yields

/ ly(t)|1*dt

< / e~ dt lyoll* + / / 2¢* Dy (0)T Bu(r)drde

0

1— e—(xT

IA

llyoll* + / / 2¢*"dt y(v)! Bu(r)dr

T
1 — e T 21 — =T
o+ [ S v B

0
T

1 2
—lyol® +/— ly@ Il 1 Bu(r)lldz
o o

0

T

1 1
—llyoll? +/—||y(r)||2 +
o 2

0

IA

IA

2
= 1Bu(z)|*dx,
o

which implies the desired inequality. O

Lemma 5 Let M € RN*N be symmetric positive definite,
A e RVN and B € RNX™_ [f there exists a > 0 such that
v Av < —OlVTMVfOr allv € RN, then the solution of

My'(t) = Ay(t) + Bu(t), t € (0,T) (53)
with y(0) = yo obeys
V2IMTI2 M2
Iyliz2 =
Ja

Proof If we multiply (53) by M~!/2 and apply Lemma 4)
to the resulting system we obtain the estimate

2| M7

yoll + [ Bull 2.

V2 2
M2y < X2 M2 ZIM2 By,
[ yl2 < ﬁll yoll + a“ Il 2

This implies
Iyll2 = IM™Y2 MY 2y,
V2IMT12 M2
STIIMVZY(}IHTIIM 2Bu| ;2
V2IMTI2 MV 2.
< 7 Iyoll + = 1M Hi1Bul| 2.
O
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